Almost complete sequences of the 16s rRNA genes of eight representative thermophilic streptomycetes were determined following the isolation and cloning of the amplified genes. These sequences were aligned with those of representative mesophilic streptomycetes, and phylogenetic trees were inferred by using four tree-making algorithms. The thermophilic streptomycetes formed two distinct clades that were supported by high bootstrap values based on 1,000 resamplings. One clade encompassed Streptomyces macrosporus and related species, and the second clade included Streptomyces thermudiastaticus and allied taxa. The relationships between the organisms were not markedly influenced by the different tree-making methods, but the rooting of the tree was sensitive to the choice of the outgroup strain. It is evident from this study that the thermophilic streptomycetes do not merit recognition as a distinct taxon within the genus Streptomyces.
Most of the emphasis in streptomycete systematics has been focused on mesophilic strains, which grow at temperatures between 15 and 37°C and have optimum temperatures around 25°C. Thermophilic streptomycetes have growth temperature ranges between 28 and 5YC, although cultures of "Streptornyces thennofiscus" and "Streptomyces thennophilus" have been reported to grow at 65°C (45) . There is some controversy about whether streptomycetes that grow at 45°C or above should be assigned to distinct taxa or should be considered thermotolerant variants of mesophilic species. Craveri and Pagani (6) proposed the subgenus 7hennostreptomyces for thermophilic strains, but other workers (5, 21) have considered such organisms thermotolerant rather than thermophilic streptomycetes. The name Thennostreptomyces was listed under genera incertae sedis in Beigey's Manual of Determinative Bacteriology, 8th ed. (33) .
The only comprehensive taxonomic study of thermophilic streptomycetes was carried out by Goodfellow et al. (12) , who examined 50 thermophilic, neutrophilic streptomycetes isolated from diverse habitats and representative mesophilic marker strains that had been included in the extensive numerical taxonomic survey of Williams et al. (48) . The test strains were screened for 135 unit characters, and the resultant data were analyzed by using three resemblance coefficients and an average-linkage algorithm. In all three analyses, the thermophilic streptomycetes formed a distinct aggregate taxon that encompassed three major clusters (7 to 19 strains), five minor clusters (2 to 3 strains), and two single-member clusters.
The three major clusters were equated with Streptomyces megasporus, Streptomyces thermoviolaceus, and Streptomyces thennovulgaris, and one of the minor clusters was equated with Streptomyces macrosporus. The name Streptomyces thermolineatus was proposed for one of the remaining minor clusters. Emended descriptions were given for Streptomyces macrosporus (Krassilnikov et al. 1968 ) Agre 1983 (1, 20) , Streptomyces thermoviolaceus Henssen 1957 (13) , and Streptomyces thermovulgaris Henssen 1957 (13) . It was also proposed that the name Streptomyces macrosporus Krassilnikov et al. 1968 should be revived. The mesophilic streptomycetes were recovered in the major and minor clusters recognized by Williams et al. (48) , and, with the exception of the Streptomyces albus strains, they formed a second aggregate group.
Molecular systematic methods, notably the methods used to determine taxonomic relationships on the basis of nucleic acid sequence and DNA-DNA relatedness data (36) , are having an increasingly important impact on streptomycete systematics (31, 37, 38, 40, 46, 49) . In this investigation, the almost complete sequences of the 16s rRNA genes (rDNAs) of representative thermophilic streptomycetes were determined and compared, by using several algorithms (14, 18, 23) , with corresponding sequences of mesophilic streptomycetes held in the public domain in order to further clarify the taxonomy of organisms classified in the genus Streptomyces.
MATERIALS AND METHODS
Organisms and culture conditions. Cultures of the test strains (Table 1) were grown on modified Bennett's agar plates (15) at 45°C for 3 days. After incubation, biomass was scraped from the plates and washed twice with T.E. buffer (pH 8) (35) . The streptomycetes were maintained on modified Bennett's agar slopes and as glycerol suspensions (2070, vol/vol) at -20°C.
DNA extraction. Chromosomal DNA was isolated by using a procedure (4) slightly modified from that of Pitcher et al. (32) .
PCR amplification of 16s rDNA. The 16s rDNAs were enzymatically amplified by using two universal primers, p27f and p152Sr (22) , and then further purified by using an Ultrafree-MC filter unit (pore size, 0.45 p,m; Millipore, Ltd., Watford, England) and the protocol recommended by the manufacturer. The PCR procedure which we used has been described previously (4).
Isolation and cloning of amplified 16s rDNA. Purified 1hS rDNA fragments were ligated into the pGEM-T vector (Promega Co., Southampton, England) by following the manufacturer's instructions. Ligated plasmids were then transformed into Eschen'chia colr JM109, and transformants were selected on the basis of the results of the blue-white screening procedure (35) .
Sequencing of 16s rDNA. Plasmids containing the 16s rDNA fragment were isolated by using the standard purification method recommended by the manufacturer (Promega Co.). Purified plasmids were sequenced by using a Tuq DyeDeoxy terminator cycle sequencing kit (Applied Biosystems, Foster City, Calif.). Sequencing gel electrophoresis was carried out and nucleotide sequences were automatically obtained by using an Applied Biosystems model 373A DNA sequencer and software provided by the manufacturer. The oligonucleotide primers used in the sequencing reaction have been described previously (4) .
Phylogenetic analysis. The 16s rDNA sequences obtained were aligned manually with streptomycete nucleotide sequences ( Table 1) obtained from the Ribosomal Database Project (24) and EMBL-GenBank databases. Two data sets were generated and analyzed separately as some of the nucleotide sequences obtained from the databases were partial sequences (that is, they consisted of less than 1,300 nucleotides). The first data set included sequences containing more than 1,300 nucleotides, and the second data set consisted of partial sequences 582 KIM ET AL.
INT. J. SYST. BACTERIOL. Evolutionary trees for the two data sets were inferred by using the following four algorithms: the neighbor-joining (34), least-squares (1 l), maximum-parsimony (19) , and maximum-likelihood (8) methods. Evolutionary distance matrices for the neighbor-joining and least-squares methods were generated as described by Jukes and Cantor (16) . The PHYLIP package (10) was used for the neighbor-joining, Fitch-Margoliash, and maximum-parsimony analyses, and the fastDNAml program (29) was used for the maximum-likelihood method. The resultant unrooted tree topologies were evaluated by performing bootstrap analyses (9) of the neighbor-joining method data based on 1,000 resamplings. The root positions of the unrooted trees were estimated by using the neighbor-joining method and five outgroup organisms 
RESULTS AND DISCUSSION
The almost complete 16s rDNA sequences (1,481 to 1,490 nucleotides between E. coli positions 28 and 1524 [3] ) obtained for eight representative thermophilic streptomycetes were compared with the corresponding sequences of 18 mesophilic streptomycetes (including Kitasatosporia strains) by using four tree-making algorithms. It is evident from the phylogenetic tree and the sequence similarity values ( Table 2 ) that the thermophilic streptomycetes formed two phyletic lines (Fig. 1) . The taxonomic integrity of the two clades was supported by relatively high bootstrap values based on 1,000 resamplings. The integrity of the phyletic line consisting of Streptomyces macruspoms and related taxa was supported by the results obtained with all four algorithms (i.e., the neighbor-joining, least-squares, maximum-parsimony, and maximum-likelihood methods). The phyletic line that included Streptomyces thennodiastaticus and related taxa was also recovered in all four analyses. The two phyletic lines were consistently recovered in analyses based on the partial nucleotide sequences of the 8 thermophilic and 31 mesophilic streptomycetes (Fig. 2) . It is evident from these data that the thermophilic streptomycetes should not be assigned to a distinct subgenus within the genus Streptomyces as proposed by Craveri and Pagani (6). The average nucleotide sequence similarity value obtained when the Streptomyces macrospoius, Streptomyces megasporus, and Streptomyces thermolineatus strains were compared was 97.1% ? 0.7%, and the closest relationship found was the relationship between the type strains of Streptomyces macrosporus and Streptomyces megasporus (level of similarity, 98.0%). The relatively large number of nucleotide differences found in the 16s rRNA sequences of the type strains of these three species provides further support for the taxonomic integrity of these species. Members of all three species formed distinct clusters within a recognizable aggregate group in the numerical phenetic survey of Goodfellow et al. (12) (7) should become a subjective synonym of Streptomyces thermovulgaris Henssen 1957 (13) . However, on the basis of phenotypic properties, Goodfellow et al. (12) concluded that Streptomyces thermonitrificans should be reduced to a synonym of Streptomyces thermoviolaceus Henssen 1957 (13) emend. Goodfellow et al. 1987 (12) . AT-L30 ribosomal protein analyses also revealed that Streptomyces thermonitrificans, Streptomyces thermoviolaceus, and Streptomyces thermovulgaris are closely related (27) . DNA-DNA relatedness studies are needed to resolve the finer taxonomic relationships among Streptomyces thermonitrificans, Streptomyces thermoviolaceus, and Streptomyces thermovulgaris.
The type strains of Streptomyces thermoviolaceus subsp. apingens and Streptomyces thermoviolaceus subsp. thermoviolaceus did not show monophyly even though they were closely related in terms of nucleotide sequence similarity (level of similarity, 99.4%). This result can be attributed to the tree-making algorithms which considered the close relationships between Streptomyces thermoviolaceus subsp. thermoviolaceus and Streptomyces thermodiastaticus (level of similarity, 99.4%) and between Streptomyces thennoviolaceus subsp. apingens and Streptomyces thermonitrijicans or Streptomyces thermovulgaris (level of similarity, 98.5%). Clearly, representatives of these taxa should be included in DNA-DNA pairing studies. The average level of similarity between members of the Streptomyces macrosporus and Streptomyces thermodiastaticus clades was 96.3% ? 0.5%. The G+C contents of the 16s rDNAs of the eight thermophilic streptomycetes were 60.05 ? 0.63 mol%, and the corresponding value for the 15 mesophilic strains was 58.83 ? 0.61 mol%; the differences between these two sets of data were too small to affect the outcome of the phylogenetic analyses. Members of the Streptomyces thermodiastaticus clade showed a closer relationship to some of the mesophilic streptomycetes than to Streptomyces macrosporus and related strains ( Table 2 ; Fig. 1 ). Particularly high levels of nucleotide similarity were found between Streptomyces thermodiastaticus DSM 40573T and Streptomyces bluensis ISP 5564T (98.3%), between Streptomyces thermoviolaceus subsp. apingens DSM 41 392T and Streptomyces glaucescens DSM 40716 (98.4%), and between Streptomyces thermoviolaceus subsp. thennoviolaceus DSM 40443T and Streptomyces glaucescens DSM 40716 (98.5%). Although the relationships which we found between the members of the Streptomyces thermodiastaticus subgroup and the associated mesophilic streptomycetes were not supported by the product of the maximum-likelihood analysis, this clade was apparent in the trees based on both nearly complete ( Fig. 1) and partial (Fig. 2) (42, 44, 47 ) is more apparent than real. The position of Streptomyces mashuensis DSM 40221T is equivocal ( Fig. 1 and 2) .
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influenced by the different algorithms used to analyze the almost complete nucleotide sequences. However, the classification was affected by the nature of the outgroup strains used. The tree was rooted between the kitasatosporiae and the streptomycetes when A. globiformis, B. subtilis, E. coli, and N. asteroides strains were used as the outgroup strains (Fig. 1) . However, when Streptosporangium roseurn DSM 43021T was used as the outgroup strain, the root more or less bisected the tree. The position of the root in the corresponding tree based on the partial nucleotide data set was also influenced by the outgroup strain (Fig. 2) . However, once again it is interesting that the kitasatosporiae were separated from the streptomycetes when the B. subtilis, E. coli, and N. asteroides strains were used as the outgroup strains. It is clear from these results that the position of the root in the Streptomyces clade cannot be estimated unequivocally. Wellington et al. (46) proposed, mainly on the basis of 16s rRNA sequence data, that the name Kitasatosporia Omura et al. 1982 (30) should be reduced to a synonym of the name Streptomyces Waksman and Henrici 1943 (43) . In addition, Ochi and Hiranuma (28) found that Kitosatosporia griseola, Kitosatosporia mediocidica, Kitosatosporia phosalacinea, and Kitosatosporia setae are closely related to Streptomyces exfoliatus by using data derived from analyses of ribosomal protein AT-L30. It has also been proposed that Kitosatosporia cystarginea should be transferred to the genus Streptomyces on the basis of chemotaxonomic, physiological, and DNA-DNA relatedness data (26) . Nevertheless, kitasatosporiae can be distinguished from streptomycetes because major amounts of galactose and meso-diaminopimelic acid are found in their wholeorganism hydrolysates (30) . They also consistently produce submerged spores in liquid culture, a trait rare among streptomycetes.
In this investigation, the kitasatosporiae were recovered as a deeply rooted phyletic line when the first data set was analyzed with A. globiformis, B. subtilis, E. coli, and N. asteroides strains as outgroup strains (Fig. 1) . The overall average level of nucleotide sequence similarity for the 16s rRNA molecules of the kitasatosporiae and mesophilic and thermophilic streptomycetes was 95.1% 5 0.6%. The detailed taxonomic relationships of the kitasatosporiae need to be reevaluated in light of additional molecular and chemosystematic data.
The results of this study provide further evidence of the value of 16s rRNA sequencing in the circumscription of actinomycete genera and in the elucidation of the subgeneric structure of complex taxa, such as the genus Streptomyces. It is evident from our results that thermophilic streptomycetes form at least two phyletic lines which can be distinguished from clades composed of mesophilic streptomycetes.
